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Two new extensions of the Parker bound on the flux F of magnetic monopaoles lead to stronger bounds than obtained
previousiv: 1) survival and growth of a small Galactic seed field requires F < 107 (m/1017GeV) em ™% s~ 57!,
and 2) survival of a seed field through protogalactic collapse places even more stringent limits, but with greater

uncertainties,
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The possibility that magnetic monopoles may exist
in the universe has long intrigued both theorists and
experimentalists. Dirac [1] first showed that magnetic
monopoles could be accommodated within electromag-
netic theory if their magnetic charge, g, is given by an
integer multiple of Ac/2e. 't Hooft and Polyakov [2]
later showed that magnetic monopoles arise as topolog-
ical defects in gauge theoties; in particular, monopoles
are a generic feature of Grand Unified Theories (GUTs).
The mass of GUT monopoles is usually set by the scale
of unification, thought to be ~ 10!% GeV or so; m ~
maut/aguT ~ 107 GeV {3].

In the standard cosmology, the number of magnetic
monopoles produced in & GUT phase transition is far too
large to be compatible with the observed energy density
of the universe: the “monopole problem” [3). In infla-
tionary models, massive entropy production reduces the
monopole abundance within the observvable universe to
an exponentially small value [4]. At present, no clear
prediction exists for the expected density of monopoles
in the universe. Astrophysics, however, can provide clues
for experimentalists about what monopole flux to expect.

In the last ten years the experimental search for
GUT monopoles has intensified. Their largc masses
{~ 10¢7GeV) and small velocities (v ~ 10~3 ¢) alerted
experimentalists to the possibility that conventional de-
tection techniques may have missed the monopoles. Ini-
tially, smali induction experiments were tried [5]. How-
ever. once it was shown that scintillators could respond to
slow GUT monopoles [6], detectors were built with sen-
sitivities to fluxes approaching the astrophysical bounds.
With the largest such detector coming on line 7], it is
appropriate to reconsider these bounds.

Astrophysical bounds on the maguetic monopcle flux
fall into three classes: 1) bounds based on the mass den-
sity of monopoles either locally or in the universe, 2)
bounds based on monopole catalysis of nucleon decay
in neutron stars and white dwarfs, 3) bounds based on
monopodles draining energy from astrophysical magnetic

fields. While flux limits based upon monopole cataly-

sis of nucleon decay are the moat stringent [8], it is not
obligatory that monopoles catalyze nucleon decay.

The original Parker bound, F < 10~ cm~? s~} s¢~},
was obtained by requiring survival of today’s magnetic
field in the Galaxy, B ~ 3 x 107° G {9]. This bound
was reexamined and shown to be mass dependent [10].
In this Letter, we strengthen the Parker bound by con-
sidering the evolution of a much smaller seed field early
in the history of our Galaxy, B ~ 10=2% — 10~1! G. This
smaller field also had to survive the flux of monopoles
traveling through the Galaxy. We obtain two bounds:

‘a) survival of the field from the time of the formation of

the Galaxy to today, and b) survival of the field during
protogalactic collapse. The second bound is stronger but
‘more speculative.

Bounds from Evolution of the Magnetic Field in the
Galazy: The time evolution of the magnetic field in the
Galaxy is determined by competition beuween dyvnamo
action, turbulent dissipation, and {possible) dissipation
by a flux of magnetic monopoles. Although the details
can be quite complicated [9.11,12]). we obtain a good es-
timate of the behavior of the magnetic field strength B
through the equation

dB_ 9 Fg
a — YB-aB- 1+ pu/B’ (h

where all quantities have been written in dimensioniess



form: B is the magnetic field strength in units of 3x 10~¢
G (the present day Galactic field strength); 7 is the
growth rate of the fieid due to the Galactic dyname in
units of 10=%yr=! (the Galactic rotation rate); t is time
in units of 10% yr; a represents the action of turbulent
dissipation in units of {300 G-yr)~'. The final term rep-
resents the dissipation of the magnetic field due to a flux
of magnetic monopoies; here F is the flux in units of
1.2 x 10~ '¥em=2sr=!s~! and g is the magnetic charge in
Dirac units (we take g=1). There is a net kinetic energy
gained by monopoles passing through the Galaxy result-
ing in a net drain of energy from the magnetic field [9].
The particular form for the dissipation term depends on
the quantity g = myrv>/fg where m;r is the msss of
the monopele in units of 10!7 GeV, ¢ is the coherence
length of the magnetic field in units of 1 kpc, and v is
the velocity of the monopoles as they impinge upon the
magnetic region of the Galaxy, in units of 103¢ [10]. We
expect a maasive monopole to acquire this velocity due
to gravitational acceleration by the Galaxy during infall.
Light monopoles (u € B) will be accelerated to higher
velocities by the Galactic field, while “heavy monopoles™
{# > B} do not have their velocities changed signifi-
cantly. At our position immersed in the magnetic region
of the GGalaxy, we expect light monopoles to be moving
much faster than 10=3¢, while heavy monopoles should
be moving at about 10~3¢.
By defining

V(B) = %aB’ - %‘rBz + FB = Fuln[u + B], (2)

we rewrite Eq. (1) as

dB dv

dt = 4B’ @)
where we have implicitly assumed that the parameters
7, @, and g all vary sufficiently slowly that they can be
taken to be constants.

The behavior of B(t) is determined by V: The extrema
of V are the fixed points for the evolution of B; further,
maxima are unstable fixed points and minima are stable
fixed points. If the monopole flux exceeds the critical
value F, = (pa + v)*/4e, then V has a single extremum,
a minimum at B = 0. In this case, the fieid strength
evolves toward zero for all initial conditions. Thus F >
F.: is not allowed. In the opposite limit, F < F., the
potential has three extrema at B = 0, B, and B_, where
B, is of order the present strength of the Galactic field.
Two possibilities for the shape of the potential exist: 1)
if

F < yu, (4)

then V has a maximum at B=0 and the field will evolve
toward the minimum at B = B, (see Fig. la). Thus,
condition (4) represents a sufficient {but not necessary)
condition on the monopole flux for the survival of the

Galactic field. 2) If F "> ~yu, the potential has minima
at both B =0 and B = B, and a maximum at B_ > 0
ptovided that v > ua (see Fig. 1b). In this case, the
field evoives to the value B, provided that the initial
seed field strength By is sufficiently large,

v
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FIG. 1. Sketch of V for F < (v + ua)®/4a. {a) For
monopole flux F < uv, there exists a single minimum (for
positive fieid strength) at B,. (b) For monopoie lux F > u-,
there exist two minima (B = 0, B, ). In this case, initial field
strengihs of Bo > B. are required to ensure evolution to
B= B+.
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Bo > B- = 5= {(7 - ua)-

(v~ ua)? = 4a(F - )] ¥ }. (5)

This latter condition iml;lia a flux limit of the form

(ua +7)?
4o

F<(i+Bao)(7v—aBd) < (6)

To summarize, in order for the Galactic magnetic field
to grow to its present strength, the flux F of magnetic
monopoles must either obey bound (4) or bound (6). We
also note that with o = 0, V can have no stable fixed
point (for B > 0). The physical significance of this result

“i5 that a lux a2 monopoles cannot (by itself) regulate the

magnetic¢ field strength in the Galaxy.

The flux limits derived above depend on the value of
the seed magnetic field. For v of order unity, a seed field
larger than 10~% G is required to produce the currently
observed field strength (13,14]. The ongin of the seed
field is unknown, though several generation mechanisms
have been proposed [15.16]. Based on these proposed
mechanisms, we consider a range 10~?°G < By < 10~}
G. Our new monopole flux limit is shown as a function of
mass in Fig. 2. For m < 10!'7 GeV, our bound is tighter
than the previous Parker bound. A simple analytic esti-
mate of our flux limit is

m 7 - - -
F<12x 10718 (m)cm Ts~lsr~d (7)

for m 2 3 x 1013 GeV(By/10-!1G), and

F L3 x1072em~ %5 sr =V (Be/107H G, t§T



for m £ 3 x 101 GeV(By/10-11G).

Protogaiactic Collapse: We now consider our second
flux limit. obtained from considering the fact that some
sort of seed magnetic field must survive during the for-
mation of the Galaxy. During protogalactic collapse, Eq.
(1) can be written as

dB _ gF
To = Yeou B T+ a/B (9)

Here, the amplification of the field is due to flux freezing,
which produces an effective growth rate vy = 2/7eqn,
where r; is the collapse time of the protogalaxy. Tur-
bulent dissipation is not important for the small field
values at this time. Since the protogalactic collapse time
is expected to be ~ 10% yr (17], the growth rate veoy ~
0.2 in the dimensionless units defined previously. The
dissipation term due to a flux of motiopoles has the same
form as before. However, the coherence length £ of the
field is likely to be much larger during protogalactic col-
lapse than today; this difference changes the value of g
for a given monopole mass, u x £~!. Although the value

is highly uncertain, we expect £ ~ 10-100 kpc.
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FIG. 2. Monopole flux limits as a function of the monopole
mass m in GeV. The line labelled TPB Bound shows the mod-
ified Parker bound obtained in Ref. 8. The solid lines show
the extended Parker bounds of this paper. The line labeled
¥y represents the bound obtained by assuming monoples are
uniformly discributed throughout the universe but do not over
close the universe. If the monopoies are clustered with galax-
ies, this closure bound becomes weaker by a factor of 10%.

If the monopole flux F < uv.q), then the field survives
and grows for all initial values of the field strength. If,
on the other hand. F > uv.y, then only initial field
atrengths B > Be = F/veon = 4 will survive and grow.
Thus, in order for a protogalactic field of strength By
to survive during collapse. the Aux of monopoles at that
time must obey one of the two bounds F < uvycou, or,

F < {Bi+4)vcol- We note that F = nv/dr where n is the
monopole number density, which scales with redshift as
(1+2)%. Thus, the flux of monopoles today is constrained
to be smaller than the bound described above by a factor
of (1 + z2gu)® ~ 10, where 2,y is the redshift of galaxy
formation. This estimate (zgal = 1.2} is conservative and
is applicable to normal gaiaxies. . For v.oy = 0.2 and
¢ = 30 kpc, we thus have roughly

F< 10-“( ~2g=lg-t (10)

m
lU”’GeV) o

It is evident from the above discussion that while the
protogalactic collapse provides a tighter bound on the
monopole flux than the galactic seed field bound. the
uncertainties involved are more severe. Indeed. one couid
consider the implications of the survival of a seed field
at earlier and earlier epochs, but with each additional
“step” back, more uncertainties arise.

The net result of this paper is to place further restric-
tions on the allowed flux of magnetic monopoles. These
limits are given as analytic formulae in Eqgs. (4}, (6). (7).
(8) and (10). In order to display all of these bounds
on a single graph, we must adopt particular choices for
the parameters. For the bounds (4) and (6), we take a
seed field strength By = 107!? G. For the protogalactic
bound (10), we take (1 +2)? =10, Yooy = 0.2, £ =30
kpe and consider B; = % G. All other parameters are
set to uhity. The rsultmg bounds as a function of the
monopaole mass are shown in Fig. 2.

The bounds presented here are more stringent than
previous Parker bounds for monopole masses below ~

10'7GeV, and they have been obtained using conserva-
tive assumptions. [n principle, Parker-type bounds can
be evaded if monopoles participate in the maintenence of
the galactic magnetic field through coherent oscillations
{10,18]; in this circumstance the kinetic energy gained by
monopoles is returned back to the field a half cycle later.
However, it seems unlikely that monopole oscillations can
maintain’ the necessary-spatial and temporal colierence
in the face of galactic inhomogeneities and their gravi-
tational velocity dispersion [19]. Moreover. such scena:-
ios cannot explain the present field strength through the
growth of a very small seed field.

Figure 3 shows the current experimental situation
where the most stringent experimental fux limits ($6%
C.L.) have been plotted vs. velocity. [ndirect searcies
involving techniques such as etched nuclear tracks or
catalysis that require assumptions other than the elec-
tromagnetic interaction of the monopole have been omit-
ted. The combined limit for all searches based on mag-
netic induction has been obtained from Ref. [20]. Tle
Baksan zesult [21] and the current MACRO result [22),
are based on scintillation and together define the best
limits to date for astrophysnca.llv mteresung monopoie
velocities. The MACRO experiment (7] is just now be-
coming; fully operational and will approach a sensitivity
of 10=%¥cm~2se~s™! in a little over five vears.



As noted previously, “heavy” mondpoles (g » B)
should be moving at speeds of order 10~3¢ within the
Galaxy, while light monopoles (4 <€ B) move signif-
icantly faster, having been accelerated by the galactic
magnetic field. To compare our flux limits with the ex-
perimental resuits, one must specify the monopole mass.
For monopole masses < 10'7 GeV the extended Parker
bound is more restrictive than the closure bound (see
Fig. 2) and thus rules out the possibility that monopoles
much lighter than 10'7 GeV provide closure density for
the universe,
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FIG. 3. Direct experimental monopole flux limits plotted
as a function of the observed monopole velocity v for an
isotropic flux (solid lines). The extended Parker flux lim-
its have also been shown for monopoie masses of 107 GeV
and 10'* GeV. The maximum monopole flux allowed by the
extended Parker bound and the closure bound obtains for
10*7 GeV.
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